Abstract: Ellenberg's indicator values have been suggested as useful method of estimating site conditions using plants. We examined whether Ellenberg's R values are suitable for indicating soil reaction and if calibration to physical pH measurements can improve bioindication in oligotrophic and mesotrophic submontane broad-leaved forests in Slovakia. Vegetation relevés and pH-H2O and pH-CaCl2 soil reaction were recorded for this purpose. Ellenberg's R values (Re) were compared to Jurko's indicator values (Rj) and a set of species R values and tolerances (T), which were calibrated with physical pH data using the weighted averaging (Rw, Tw) and Huisman-Olff-Fresco modelling (R h , T h ). Original Re values were then recalibrated with measured pH data to establish new, adjusted set of scores (Rc, Tc) at Ellenberg's scale. The Re values are significantly correlated with the other R values, and they demonstrate similar frequency distribution to Rj and Rw values for the studied species pool. The frequency distribution becomes similar across all the R values when indifferent species were excluded. The performance of all the indicator values in terms of bioindication was tested. Relevé means of the R values were regressed on the field pH measurements. The performance of bioindication varied from 36% to 49% of the explained variance for pH-CaCl2, with the Re and Rc values yielding 46% and 49% respectively. The bioindication slightly improved for all calibrated methods (Rw, R h and Rc) when species were weighted inversely with their tolerances -the performance varied from 42% to 51%, and the Rc values performed most effectively. We concluded that Ellenberg's R values represent a powerful system for bioindicating soil acidity when compared to the other alternatives, with pH-CaCl2 showing better results than pH-H2O. Recalibration of Ellenberg's values to the measured data improved the indicator system.
Introduction
The indicator values for soil reaction (R) estimated by Ellenberg (1979) have become popular for inferring pHrelated changes from phytocoenological data throughout Europe, including Slovakia (e.g., Gégout & Krizova 2003 ). Ellenberg's R values rank species in a mixed nominal (x) and 1-9 ordinal scale presumed to represent the optimum for a species at a soil acidity gradient.
Ellenberg's indicator values (EIV) have been exhaustively discussed by many authors (e.g., Mucina 1985; Jurko 1986; Klimeš 1987 ; and recently by Schaffers & Sýkora 2000; Wamelink et al. 2002 Wamelink et al. , 2005 , and several aspects of their usage have been criticised.
Firstly, EIVs must be carefully extrapolated into areas far distant or deviating from Central Europe where the system was originally developed, because they may be inadequate for too many species (e.g., Hill et al. 2000) . In response, Jurko (1990) published revised indicator values, which are considered to be more suitable for Slovak flora. While the above-mentioned is not necessarily a critical point for the use of EIVs in Slovakia, nevertheless, careful evaluation is necessary to assess its performance here.
Secondly, Ellenberg's system is based on expert knowledge rather than on field measurements. Moreover, it does not provide information on the ecological tolerance of individual species and it also uses an arbitrary scale which introduces many uncertainties in bioindication (e.g., Schaffers & Sýkora 2000; Wamelink et al. 2002) . Therefore various methods of statistical calibration have been introduced to calculate indicator values directly from field measurements (e.g. Huisman et al. 1993; Wamelink et al. 2005; Peppler-Lisbach 2008) . These are commonly using weighted averaging (ter Braak & Barendregt 1986) or modelling species response curves against measured physical data (e.g., ter Braak & Looman 1986; Austin et al. 1994; Huisman et al. 1993) , where both the species IVs and tolerances are statistically defined (e.g., ter Braak & van Dam c 2012 Institute of Botany, Slovak Academy of Sciences 1989; Gégout & Pierrat 1998; Schröder et al. 2005) . Of these response modelling approaches, the HuismanOlff-Fresco model (HOF; Huisman et al. 1993 ) was identified by Lawesson & Oksanen (2002) as a superior tool. It fits species data using sets of five increasingly complex response models, in a forward selection. These are as follows: type I -a flat linear relationship, type IIa monotone relationship, type III -a plateau-like relationship, type IV -a symmetric Gaussian relationship, and type V -a skewed unimodal relationship. This method of statistical calibration improves bioindication and supposedly circumvents bias in EIVs (Wamelink et al. 2005 ). An alternative calibration procedure of adjusting the original EIVs with respect to a measured gradient using the HOF model was suggested by Lawesson et al. (2003) . This procedure yields new, calibrated EIVs and tolerances.
Finally, the bioindication methods in general have been widely discussed. The predictions of soil acidity using EIVs are conventionally calculated for a species assemblage using the cover-weighted average (WA; Ellenberg et al. 1992) , which is known as bioindication. To improve regional estimations, Schaffers & Sýkora (2000) suggested weighting by frequencies of individual IVs in regional flora. In addition, inverse weighting by squared species tolerances was suggested by ter Braak & Barendregt (1986) where pH tolerance varies strongly among taxa, however this cannot be used for EIVs alone. Also the effects of cover weights and indifferent species have been extensively examined by Käfer & Witte (2004) and Ewald (2003) . Other bioindication methods such as the Maximum Amplitude Overlap method (PepplerLisbach 2008) and the Maximum Likelihood method (Wamelink et al. 2005) can also be considered. However, these last two methods cannot be used for EIVs since they operate solely with species tolerances or with complete information of species response curves.
In this article, we attempt to answer whether original Ellenberg's R values are suitable for indicating soil reaction in Slovakia, especially in the target vegetation of oligotrophic and mesotrophic submontane broadleaved forests. We compared EIVs to values published by Jurko (1990) and also to indicator values statistically calibrated for measured pH gradients using WA and HOF methods. The performance of EIVs and these other species indicators were statistically analyzed. We also tested whether recalibration of EIVs and extension for species tolerances improved bioindication. We expected that these enhancements to Ellenberg's indicator system would enable more accurate inference of changes in the vegetation in this region.
Material and methods
Vegetation and soil sampling Our vegetation database contains 146 relevés made in the Považský Inovec, Malé Karpaty and Biele Karpaty Mountains, Záhorská nížina and Mayjavská pahorkatina downs. The data include relevés from oligotrophic and mesotrophic submontane forests of four alliances, namely the Carpinion betuli Issler 1931 (92 relevés), the Quercion petraeae Zó-lyomi et Jakucs in Jakucs 1960 (17 relevés), the Genisto germanicae-Quercion Neuhäusl et Neuhäuslová-Novotná 1967 (30 relevés) , and the Pino-Quercion Medwecka-Kornaś in Medwecka-Kornaś et al. 1959 (7 relevés) . The forests were sampled only on siliceous bedrock. All forest stands were sampled using 400 m 2 quadrates by the standard field methods of the Zürich-Montpellier geobotanical school and the original Braun-Blanquet (1964) scale. The vegetation data were stored and managed in TURBOVEG (Hennekens & Schaminée 2001) and JUICE (Tichý 2002) software.
In each relevé, A horizon of soils up to a maximum of 10 cm was sampled in the corners of a 5 × 5 m square in the centre of the relevé quadrate. All soils were sampled during July to September, when their pH is relatively stable. Samples from the four corners were mixed together giving one average sample per relevé plot. The samples were then air-dried, homogenized and sieved through a 2 mm mesh. Soil reaction in water suspension (pH-H2O, soil:water = 1:2.5) and suspension of 0.01 M CaCl2 solution (pH-CaCl2, soil:solution = 1:5) was measured by the WTW pH-meter (USDA-NRCS-NSSC 1996) .
The analyzed soils were mostly Leptic, Haplic and Stagnic Cambisols, Haplic Stagnosols (Albic, Dystric), Albic Luvisols (Epidystric) and Brunic Arenosols (Dystric) -nomenclature by WRB (IUSS Working Group WRB 2006). All soils were moderately to strongly acidic with pH-H2O varying between 3.9 and 6.0 and pH-CaCl2 between 3.2 and 5.3. The soil data, both for pH-H2O and pH-CaCl2 was normally distributed 
Tabulated species indicator values
The two tabulated R values were analyzed: 1) the Re values by Ellenberg et al. (1992) , who rank species along a 1-9 scale and "x" denoting indifferent species, and 2) the Rj values by Jurko (1990) , who used a 5-grade scale suggested to be more suitable for Slovak conditions. Both IVs a priori estimate species optima with respect to the soil pH. The Slovak system serves as a reference for testing the performance of EIVs. The following rules were applied for Rjvalues: (i) species assigned to more than two ranks (e.g., 2-4) were considered indifferent, (ii) the first value was used for the two-rank species (e.g., 2 for the range 2-3), and (iii) the average value was used for the intermediate species (e.g., 2.5 for the range 2/3).
Calibration of species indicator values and tolerances
In addition to the tabulated R values, three calibrated species indicator values (R) and tolerances (T ) were calculated from the measured pH data: (i) Weighted Average (WA) indicator values and tolerances (Rw, Tw), (ii) HOFbased indicator values and tolerance (R h , T h ), and finally (iii) a new set of calibrated EIVs and tolerances (Rc, Tc). Only species occurring in at least ten relevés (and occurring in herb layer only) were included: 107 of 298 species were analyzed.
The species Rw value was calculated from the measured pH data as the arithmetic average of pH values of relevé plots where the species occurred (e.g., ter Braak & Barendregt 1986; ter Braak & Looman 1986; ter Braak & van Dam 1989) . Although the algorithm is known as cover-weighted average, we used the presence/absence species data (herblayer only) as suggested by Austin (2002) , i.e. no weighting with species cover was included. The weighted averaging estimate of species tolerance (Tw) was calculated by Eq. 1 (ter Braak & van Dam 1989) :
where the variables y and R are species abundance and indicator value respectively, subscript i stands for relevés (i = 1,. . ., n) and subscript k for plant taxa (k = 1,. . ., p). Again, no weighting by species cover was used. The HOF-based species indicator values and tolerances (R h , T h ) were calculated from the presence/absence relevé data and from the measured pH using the HOF model (Huisman et al. 1993) . This model was set up to calculate the probability curves of species occurrence along the pH gradient for all species which occur in at least ten relevés. The HOF model was run on R 2.4.1 software (www.Rproject.org) using the gravy package (Oksanen & Minchin 2002a, b) where the BIC criterion at P < 0.05 was used to choose the best-fitting curve. The HOF curve types II to V were then used to estimate species indicator values and tolerances. Species with type I curve were considered indifferent. The R h value is defined as the pH scale value where the area under the curve reaches half its maximum (Balkovič et al. 2010) . Species tolerance (T h ) was defined as the interval where the area under the curve contains 80% probability of species occurrence (Gégout & Pierrat 1998) .
New EIVs (Rc) were calibrated with respect to the measured pH as suggested by Lawesson et al. (2003) . The calibration steps were: 1) the weighted mean of original EIVs (mRe) was calculated for each relevé as described in Eq. 2 in the bioindication section, 2) the regression model was fitted between the measured pH values and mRe, 3) new estimates of mean indicator values (mRe) were calculated from the regression model equation, 4) the HOF models were fitted for all 107 species estimating the probability of their occurrence along the mRevalues, and 5) the Rc and Tc values were calculated from type II-V models as described above. Species of the type I model were considered as indifferent.
Rescaling of the calibrated Ellenberg's indicator values
The HOF calibration technique used for the Rc values causes shrinking of the R-value range compared to the original Ellenberg's scale (Lawesson et al. 2003) since it shifts species optima toward the overall average. The Rc values were rescaled to the observed range of the original EIVs with equalizing variances transformation.
Bioindication methods
Bioindication methods are used to predict soil pH from relevé records by calculation of mean R values (e.g., Ellenberg et al. 1992) . The mean indicator values were computed for each relevé using the following two methods: (i) the common cover-weighted average (WA1), and (ii) the cover-weighted average, where species were weighted inversely with their squared tolerances (WA2).
With WA1, the mean indicator value (mR) of i-th relevé is calculated from R values and cover-weights (e.g., ter Braak & Barendregt 1986; ter Braak & van Dam 1989; Birks et al. 1990 ) using the following formula:
where R is the indicator value of k-th species, y is the cover of k-th species in i-th relevé and m is the number of species in i-th relevé. Indifferent species were excluded from the analysis and presence/absence data were used in this study. The following alternative method was suggested for cases where pH-tolerance significantly varies among species (ter Braak & van Dam 1989) . The WA2 method (Eq. 3) represents an extension of Eq. 2, where both R and T values are used to calculate the mean indicator value (mR) of i-th relevé:
where T is the tolerance of k-th species. Indifferent species were excluded from the calculation, and the presence/absence data were used.
Statistical evaluation
The original EIVs were compared with the Jurko's IVs (JIV) and the other calibrated R values using the Spearman rank correlation test, and their overall distribution was compared using the Kruskal-Wallis ANOVA test. These tests were calculated for the entire set of species occurring in at least 10 relevés (107 species), and then separately for sets with indifferent species excluded; we used STATISTICA software (StatSoft Inc. 2003) to perform the calculations. The performance of bioindication methods was evaluated by regressing mean indicator values against the measured pH data. A cross-validation "leave-one-out" approach was used to evaluate predictions with calibrated R and T values. This is an intensive computing method which uses a loop function over the data leaving a relevé out of the calibration analysis when a prediction is calculated for that particular relevé. The goodness of prediction is assessed using the coefficient of determination for linear regression (R 2 ) and Pearson's correlation coefficient (r). Since it is known that predictions can show a non-linear relationship to measured soil acidity data (e.g., Ertsen et al. 1998; Schaffers & Sýkora 2000; Witte & von Asmuth 2003; Peppler-Lisbach 2008) , the pH data were inverse-logit transformed to linearise the relationship before statistical comparison. We prefer the linear regression with transformed data against a non-linear or piecewise linear regression as it is theoretically sound for a model performance comparison using measured data. All these analyses were computed using STATISTICA software.
Results
Predicting soil acidity with Ellenberg's and Jurko's indicator values A statistically significant relationship occurs between relevé-based means of EIVs (mR e by WA 1 ) and the measured pH data, both for pH-CaCl 2 and pH-H 2 O values (Table 1 ). The performance of Ellenberg's bioindication is very similar to the predictions yielded by JIVs (mR j by WA 1 ): 42.6% and 43.4% of explained variance for EIVs and JIVs respectively (for pH-CaCl 2 , both P < 0.001), and 21.3% and 21.6% for pH-H 2 O (both P < 0.001). The number of species per relevé varies from 9 to 43, with a mean of 29 species, for mean EIVs and from 7 to 39, with a mean of 24 species, for mean JIVs. Since the results also show that the prediction methods indicate soil acidity much better when measured in 0.01 M CaCl 2 than when measured in water only the pH-CaCl 2 values were used for calibrating species IVs and tolerances in the further analyses. 
Comparing species indicator values
Species indicator values and tolerances at the pH gradient were analyzed for the total 107 species of oligotrophic and mesotrophic submontane forests. Ellenberg's R e values yield a slightly right centred unimodal distribution when indifferent species are excluded (a total of 26 of the 107 species). Within the observed range of 2 to 8, most indicating species have indicator values of 7 and 6 (56%), which are the two most numerous indicator values. Of Jurko's R j values, most of indicating species have values of 3 and 4-4.5, which represents 75% of species when the 43 indifferent species are excluded. With WA calibration, the indicator values and tolerances were attributed to the entire species pool. The R w values are normally distributed (Shapiro-Wilk's W = 0.988, P = 0.48), where 50% of species have optima below 4.16, and 50% are above. As expected, these values have a narrower range of 3.67 to 4.72 compared to the measured pH-CaCl 2 range of 3.2 to 5.3, which results in compression of pH predictions. The overall distribution of weighted species tolerances (T w ) along the pH gradient is centred to the left (W = 0.854, P < 0.001) with a median value of 0.37. In HOF modelling, 18 species show flat response to measured pH-CaCl 2 values and these are considered indifferent in this study. Monotone and plateau-like responses were fitted for 37 species, symmetric Gaussian for 33 species and a skewed unimodal response for 19 species. The relatively high portion of type II and III monotone curves indicate that many species may suffer truncation of their responses in this study. The R h values of indicating species demonstrate a slightly bimodal distribution (W = 0.928, P < 0.001) suggesting the existence of two species groups: one group indicating strongly acidic conditions and the other only moderate acidic soils. Similar to the WA calibration, the HOF- Table 2 ). The overall distribution pattern of EIVs is similar to the WA and JIVs, but it differs from the other calibrated IVs (at α = 0.01) when the entire species pool is analyzed. All these relationships are presented in Fig. 1 showing the box-plots of the compared IVs related to the original Ellenberg's R e values (grouping variable). When indifferent species are excluded from both compared sets, the overall distribution of EIVs is similar to all the other IVs as shown in Table 1 using the Kruskal-Wallis test.
Statistical comparison of bioindication with calibrated indicator values
Both the WA 1 and WA 2 relevé means of the abovementioned IVs were regressed with respect to field pHCaCl 2 measurements (Table 3 ) -only 107 species from Appendix 1 were used for the analysis. Before linear regression was calculated, the curvilinearity was removed from the relationships using the inverse-logit transfor- Common WA 1 bioindication with the original EIVs is a sufficiently effective method and definitely not inferior to other methods, since it yields even higher explained variances than mR w and mR h estimates. The calibration of the new EIVs actually improves predictions only marginally, from 46% to 49% of explained variance. The mean number of species per relevé used for the calculations varies from 25 to 33, with a minimum for Ellenberg's mean indicator values (mR e ). This indicates that a decrease in performance with R w and R h indicator values is not related to a lack of species information.
Inverse weighting with species tolerances (WA 2 ) somewhat improves the bioindication for all calibrated methods (mR w , mR h and mR c ). With species tolerances included, the WA calibrated estimates (mR w ) are slightly better than ones with the original EIVs. As in the case with WA 1 , here the new EIVs perform most effectively (R 2 = 50.7). However, these improvements are only of little importance and we cannot significantly favour any of the calibration methods against the common WA 1 with the original EIVs.
Combining the original and new Ellenberg's indicator values
The new, calibrated EIVs (R c ) are decimal numbers placed on the same 1 to 9 scale as the original EIVs, but they experience severe compression, with the range narrowed from 2-8 for the original values to 4.2-6.5 for the new ones. As shown above, the calibrated IVs can slightly improve bioindication by our community data. Here we added the calibrated EIVs for 107 species into the entire species pool of 298 species replacing the original IVs for the calibrated species -so we used IVs (R com ) combined of the original (191 species) and calibrated values (107 species). We tested whether this partial calibration improves the ability of plants to indicate soil acidity. To achieve this, the new EIVs were rescaled by equalizing their variances with respect to the observed range of the original IVs from 2 to 8. The entire species pool was then used to calculate mean indicator values (mR) using the combined and original EIVs. The linear regression analysis (after back-transformation of pH data) in Fig. 2 shows a slight increase in prediction performance when combined indicator values were used. This increase was from 42.6% to 48.1% of explained variance.
Discussion
Several authors have critically discussed the use of EIVs in the target region (e.g., Mucina 1985; Jurko 1986; Klimeš 1987) , and also emphasized the necessity to proceed with caution in their extrapolation (e.g., Gégout & Krizova 2003) . As an alternative, a national system of plant indicators was developed by Jurko (1990) . Nevertheless, EIVs have been widely used by many authors in Slovakia, and in numerous fields of environmental and ecological science (e.g., Lososová et al. 2004; Uherčíková & Némethová 2006; Janišová et al. 2010; Chovancová & Križová 2010) . The two main aspects of the criticism are addressed in this study: (i) Ellenberg's R indicator values should be validated for a particular region, and (ii) calibration to physical pH measurements can significantly increase performance of plant indicator systems (e.g., Lawesson et al. 2003; Wamelink et al. 2005) . All the following discussion refers to oligotrophic and mesotrophic submontane broad-leaved forests.
Bioindication with EIVs was compared to predictions using IVs by Jurko (1990) , which are supposed to be more suitable for this target region. By regressing the relevé mean R values against the field pH measurements, we show that, for our data, EIVs work as effectively as JIVs. Additionally, there is no significant difference between the species pools used for the two bioindications. Certainly, both bioindications return predictions placed at the original ordinal scales, which differ from the physical pH values. Moreover, the predictions result in overall range and variance compression. These are well recognized phenomena and they can be resolved by various rescaling techniques, e.g. by using inverse regression (Birks et al. 1990) . Wamelink et al. (2002) and Schaffers & Sýkora (2000) showed that expert systems may lead to biased results, which can be improved by calibrating indicator values with field measurements (e.g., Wamelink et al. 2005) . Therefore, various statistical calibration techniques were introduced to build such indicator systems (e.g., ter Braak & Barendregt 1986; Huisman et al. 1993) . However, our bioindication with these values (i.e WA and HOF IVs) does not provide any significant improvements. To the contrary, this yields even slightly weaker results than the original EIVs. Another calibration was introduced by Lawesson et al. (2003) who suggested adjusting EIVs with respect to the relevé mean indicator values, which are a linear combination of the field measurements. This calibration improved our predictions only marginally. Generally, all the results from our data indicate that the original EIVs are not loaded by any severe bias originating from their inappropriate usage, and that they present a potent system compared to the other alternatives. Furthermore, we show that the new, calibrated EIVs can be effectively linked to the original expert system, thus replacing the original information for the relevant species when calculating predictions for the target vegetation. This enables a step-by-step improvement of EIVs, and, moreover, species tolerances can be added this way, which can be highly important (Schaffers & Sýkora 2000) .
Another common source of criticism is that the traditional Ellenberg's bioindication does not account for species tolerances (e.g., Schaffers & Sýkora 2000; Wamelink et al. 2005) . In addressing this point, we tested the WA prediction method, where species were weighted inversely with their tolerances (ter Braak & van Dam 1989) . Although this extended method improved pH predictions for all the above mentioned calibrated indicators, i.e. R w , R h and R c , we gained only a small benefit from it compared to the original Ellenberg's bioindication.
It was observed that bioindication predicts pHCaCl 2 better than pH-H 2 O since solutions with 0.01 CaCl 2 are better equilibrated with plant effective cations, and they also represent pH/aluminium gradient in soils more faithfully (cf. Dlapa 2002) .
Here, we must comment on other sources of uncertainties in this study. Firstly, a tight interaction between soil acidity and moisture (e.g. on Stagnosols) can be expected in our data. Pakeman et al. (2008) showed that a combination of soil reaction and moisture affects the calibration of species indicator values and tolerances. Secondly, the pH gradient is not equally represented with the data since a non-stratified sampling was used due to data availability for the target vegetation. Finally, the HOF modelling discovered that many species demonstrate truncated responses (type II models) concerning the pH gradient, where true species optima and tolerances cannot be discovered. They are here-in replaced by local expectancy values, i.e. ad hoc optima and tolerances. As shown by Balkovič et al. (2010) , the WA prediction method is quite resilient to this limitation. It is also resilient to initial assumptions about evenly distributed IVs.
In this article, we focused separately on acidic soils with pH-CaCl 2 between 3.2 and 5.3, while calcaric soils were not included. Acidic soils are generally well indicated by community data, but bioindications become problematic for neutral and alkaline soils (Schaffers & Sýkora 2000) . If calciphilous forests were included, we could expect more complex behaviour, such as biomodality, in many species. 
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